Abstract-The performance of an adaptive five-mode M-ary quadrature amplitude modulation (QAM) system under constant power constraint over time-varying land mobile satellite channel is evaluated in this paper. The mathematically-tractable closed-form expressions of performance for outage probability, bit error rate (BER) and average spectral efficiency are deduced by a simple Rician channel model in which the amplitude of the line-ofsight path is represented by the Nakagami distribution. Two adaptive modulation schemes (AMS) are compared, one with the optimal switching thresholds to maximize the average throughput under the constraint of average BER and another with fixed thresholds defined by the given BER tolerance for each modulation. Numeric simulation results show that the M-QAM AMS with optimum switching levels offers performance gains of ~2dB compared to fixed mode at given average spectrum efficiency, and nearly 0.3bps higher average throughput for different Rician K-factor.
I. INTRODUCTION
There is a renewed interest and market opportunities for Mobile Satellite Service (MSS) for it is an attractive approach in areas of world not well covered by existing terrestrial infrastructures. For small, portable or even handheld terminals, the MSSs may suffer from timevarying non Line-of-Sight (LOS) fading propagation conditions due to the presence of multipath. Therefore, large link budget is designed, which results in power inefficient for limited power resource in satellite. Adaptation modulation techniques can effectively exploit the time-varying features of channel by transmitting at higher speeds under favourable channel conditions and lower speeds under poor conditions. It is suitable for MSS to improve the system capacity, and now as a standard used in DVB-S2.
The main technique of adaptive modulation system is the method to obtain the switching thresholds among different modulation modes. There exit two main kinds of methods to solve the switching thresholds for adaptive modulation system, one is the conventional fixed switching method, and the other is the optimum switching method. In-depth performance analysis of the conventional AMS over Nakagami and Rayleigh fading channels have been carried out for their mathematicallytractable expressions [1] [2] [3] [4] [5] [6] . The statistical performances of adaptive transmission system over Nakagami fading channel and Rayleigh fading channel were evaluated in [7] [8] .
Although the conventional AMS with fixed switching thresholds allows the mobile transmission system to select the highest order modulation mode based on the channel conditions, the spectral efficiency need to be expanded to satisfy the increasing transmission services. As a consequence, optimization techniques are applied in adaptive modulation system to find the optimum switching method [9] [10] [11] [12] . The Lagrangian multiplier technique is introduced in [9] to optimize the switching levels in single or multi-carrier adaptive system under the constraint of a target average bit error rate. The simulation results showed that the optimized scheme provided a great improvement in spectral efficiency compared with the conventional fixed switching method. Moreover, it is extended to a relay system with multiple amplify-and-forward relay nodes over both independent identically distributed (i.i.d) Reyleigh channel and noni.i.d case [10] . However, the above schemes usually concentrate on the research of adaptive modulation system communication over Rayleigh or Nakagami channels. The performance of AMS in land mobile satellite channel, which is characterized by Rician fading, has received much less attention, for its difficulty in mathematical The Adaptive Modulation System over Land Mobile Satellite Channel expression. In [11] , the land mobile satellite channel is expressed by Nakagami fading indeed. In general, the available statistical models for mobile satellite channel could be placed into two categories, including single models and mixture models, refer to Table.1 in [13] . The Loo model, introduced in 1985 by Chun Loo, has been widely used to characterize satellite channels. This model describes the LOS path as a lognormal distribution but leads to a complicated expression for the fading amplitude PDF. Owing to the computation complexity of numerical integration, Ali Abdi et al. [13] derived a simple Rician model with a closed-form expression for the PDF of the instantaneous signal power. Moreover, this formula was also verified to agree quite well with multifarious experimental data of satellite channel and the CHUN Loo's model. Different from the previous literatures, to study the performance of AMS communicating over Rician fading channel, in this paper, we deduced mathematicallytractable expressions and closed-form performance for outage probability, bit error rate (BER) and average spectral efficiency of AMS over land mobile satellite channel by the simple Rician channel model proposed by Abdi. We also derived the optimal switching thresholds to maximize the average throughput under the constraint of average BER over this channel. The numeric simulation results show that the optimal switching M-QAM AMS offers performance gains of ~2dB compared to fixed switching at given average spectrum efficiency, and nearly 0.3bps higher average throughput for different Rician factor.
The rest of this paper is organized as follows. Section II gives the system model and channel models .In section III, the performance of AMS over Rician fading channel is given. Section IV presents the algorithms to determine switching levels for AMS. Section V discusses the numerical simulation performance of these two adaptive schemes. Finally, a conclusion is given in section VI.
II. SYSTEM MODEL AND CHANNEL MODEL

A. Adaptive Modulation System Model
In the land mobile satellite adaptive transmission system, shown as Fig. 1 , the core is that the satellite transmitter can automatically change the modulation mode according to channel fading coefficient, interference and noise conditions. Here, nearinstantaneous received signal-to-noise (SNR) in the receiver is fed back and used as the criteria for mode selection. For long delay satellite channel, such as INMARSAT and ACeS, the predicted SNR could be used instead of the instantaneous SNR.
A K-mode adaptive modulation system works as follows. The range of the channel quality of SNR is divided into K+1 regions by a set of switching thresholds,
, where and are boundary switching values. In each region, a modulation with specific constellation size is used. When the nearinstantaneous received SNR falls into kth region, mode k is selected. For reasons of brevity and simplicity, we focus on five-mode M-QAM adaptive modulation scheme, which includes no-transmission, BPSK, QPSK, 16QAM, 64QAM.
The exact BER expressions for gray mapped square M-QAM modulations with coherent detection over AWGN channel are given as follows:
Where , Table 1[ [14] [15] , and
is the Gaussian Q-function defined as
B. Channel Model
Note that we focus on the Abdi Rician model [13] to make the analysis as simple as possible. In the Abdi model, the lowpass equivalent complex envelope of the shadowed Rice fading can be written as ( ) A t follows Rayleigh distribution. Since the instantaneous power is more common in application for SNR analysis, after some algebraic manipulations, the PDF of the instantaneous SNR for this channel is given as equation (2). 
Where 0 2b is the average power of scatter components, 0 2b κ = Ω refers to Rician K-factor. Ω is the power of LOS component and m is Nakagami m-factor which parameterizes the fading severity. 0 ( )=2 + E s b Ω is the mean of instantaneous power. In addition, 1 1 F is the confluent hypergeometric function [16] . The PDF reduces to the Rayleigh distribution for 1 m = and describes less severe fading conditions as it increases.
Recently, it is derived further to show that the closedform expression for the Rician shadowed cumulative distribution function (CDF) could be represented in terms of bivariate confluent hypergeometric function which can be found in [17] 
The corresponding MGF for the channel SNR is given by [18] 
III. THE PERFORMANCE OF ADAPTIVE MODULATION SYSTEM
A. The Outage Probability of AMS
The outage probability of AMS is defined as the mode of transmission nothing, which is mode 1 in our fivemode M-QAM AMS, corresponding to SNR range of [0, 1 γ ). It is convenient to calculate the outage probability by equation (3) as (5) .
Note that the outage probability is given in closedform by the bivariate confluent hypergeometric function, [ ] ( )
which are valid for arbitrary real and positive value for parameter m.
B. The Spectral Efficiency of AMS
Here, the average number of bits per symbol (BPS) is adopted to measure the spectral efficiency of AMS. Suppose the BPS of a special mode i given by . For the five-mode M-QAM AMS, the average number of BPS could be further expressed as (7) at the bottom of the page.
A. The Error Performance of AMS
For the M-QAM adaptive modulation system, the average bit error performance e P can be easily calculated, for it is simply the ratio of the average number of error bits divided by the total average number of transmitted bits. 
IV. SWITCHING THRESHOLDS FOR AMS
A. Conventional Fixed Switching Method
The switching thresholds in conventional AMS are fixed to the SNR that is required to achieve a specific BER target performance th BER . They cannot adjust to the practical situation of the transmitting channel. They are simply determined by the BER tolerance value and can be easily to obtain once the expression of ( ) i BER γ is given.
Therefore, the switching criterion can be expressed as 
However, this technique only limits the peak BER and results in lower spectral efficiency inevitably. Next, we will show that the switching thresholds could be optimized for the fading channel so that the average BER performance always meets the required th BER .
B. Lagrangian Optimal Switching Method
Subject to a constraint on the average bit error rate, the switching thresholds can be optimized to maximize the AMS throughput. That is, one selects a set of switching values of SNR, which is denoted as { }
, such that the AMS average throughput is maximized while the system average BER is not exceed to the desired BER target th BER . This can be written as an optimization problem, and the Lagrangian factor technique can be used for deriving the globally optimized solutions. It is required only 1-D and can be performed offline. The Lagrangian multiplier optimization method is adopted here to solve the problem. The details can be found in [9] , only several key steps are generalized as follows (13) (14) (15) (16) (17) .
For the five-mode M-ary QAM adaptive modulation system, only four unknown switching levels should be determined by the optimization problem. First of all, it is need to transfer the problem into a one dimension optimization problem which is easy to solve, that means, the relationship between { } are deduced as follows and the bi-section algorithm could be used for any given 1 γ .
Note that the switching level 1 γ could not be determined by above equations. It should be rely on the constraint condition of target BER performance. In this section, we give the numerical simulation results for the performance of adaptive modulation system over Rician channel with different average fading condition, including average throughput and BER performance. We also compare the optimal switching thresholds and the conventional fixed switching thresholds in different channel conditions.
A. System Performance versus Channel Average SNR
BER and spectrum efficiency curves corresponding to different received average SNR value under Rician fading satellite channels are shown in Fig. 2 and Fig. 3 respectively. At the same time, we provide the variation tendency of the switching levels with respect to the received average SNR in Fig. 4 .
It can be seen from Fig. 2 that the optimal switching AMS is always superior to the conventional fixed switching AMS in spectrum efficiency with the advantage of about 0.2-0.6 bit per symbol under the premise of satisfying the target BER. The received signal BER corresponding to the optimal switching AMS keeps constant at the BER tolerance value as designed, which can be verified on Fig. 3 while the received BER of the conventional fixed switching AMS is always under the tolerance BER value 10 −3 Fig. 4 shows the variation tendency of the switching levels , for both the optimal switching AMS and the conventional fixed AMS scheme for adaptive five-mode M -QAM in Rician fading channel, where the target BER is set to 10 and decreases basically with the average SNR increases. In addition, we should pay attention to the fluctuation phenomenon of the curve corresponding to the conventional fixed switching AMS, which is due to the fact that the SNR PDF of Rician channel is an upside down bell curve as depicted in Fig. 5 rather than monotone decreasing. Therefore, the average BER could be lower once the SNR value corresponding to the maximum probability of the Rician distribution matches a lower order modulation mode which renders a lower BER. In the same way, when the most probable SNR matches a higher order modulation, the average BER may be higher. For instance, the BPSK is the most probably selected modulation mode when the average SNR is equal to 10dB. -3 . In an AMS with fixed switching scheme, it's obvious that a specific modulation mode would be activated only if the value of instantaneous SNR satisfies the constraint in (11) regardless of the channel state, while the switching levels of optimal switching scheme is monotone decreasing. In terms of 1 γ for the optimal switching scheme, it means that the lowest SNR transmitting information decrease along with the increase of the average SNR.
B. System Performance Vary with the Rician K-factor
Since we model the received SNR distribution as a Rician model, which is also named as Nakagami-n model, then we would like to discover how the Rician K-factor affects the performance indexes of the scheme. The Rician K-factor is defined as , denoting the ratio between the direct component power of the signal and variance of the scatter components. When the K-factor decreases, the main path of power will decrease, which indicates that the transmitter and receiver mainly exchanges information through multipath. Fig. 6 presents that the BPS throughput increases with the Rician K-factor as we expected. What we should notice is that the BPS of the optimal switching scheme outperforms the fixed switching scheme by roughly 0.3 BPS under the same conditions. Fig. 7 depicts the variation tendency of the first switching level in which the system begins to transmit data through BPSK modulation. Obviously, the trend of the other three switching levels could be inferred. Indeed, as can be seen in Fig. 7 , the optimal switching levels become smaller along with the increase of Rician K-factor, while the fixed switching level remain the same no matter how the Rician K-factor changes.
C. Conventional Fixed Switching Method
Spectrum efficiency performance corresponding to different tolerance BER value under Rician fading satellite channel is exploded in Fig. 8 . While achieving the equivalent acceptable BER, the optimal switching scheme gives about 0.2~1.1 BPS higher transmission rate than the fixed switching scheme with the tolerance BER ranges from 10 -4.5 to 10 -2 . In particular, numerical results demonstrate that the sustained outperformance in throughput of optimal switching AMS than that of fixed AMS scheme appears with the increase of tolerance BER value. Similar to the trend in Fig. 8 , the difference between the first switching level of the optimal switching AMS and the conventional fixed switching AMS becomes larger along with the increase of the tolerance BER value. Furthermore, the first switching level of the optimal switching AMS is about ~2dB smaller than that of the conventional fixed switching AMS with the tolerance BER is set to 10 -4 VI. CONCLUSION .
In this paper, the mathematically-tractable expressions of some important performance for AMS over land mobile satellite channel are derived, including outage probability, bit error rate (BER) and average spectral efficiency. Meanwhile, two adaptive modulation schemes, the optimal switching scheme and the conventional fixed switching scheme, are investigated and compared under conditions of different average channel SNR, the error tolerance and the Rician-K factor. Numerical results demonstrate that the optimal switching scheme is always superior to the fixed switching scheme in the spectral efficiency under the promise of meeting the BER tolerance. In addition, the adoption of the concise Rician shadowed model PDF proposed by Abdi et al greatly simplifies the complexity of computation.
